Postgenomic gene-function analyses with Candida albicans are hindered by its constitutive diploidy and the lack of a sexual cycle. Rapid generation of mutant strains can be achieved using PCR-based techniques for directed gene alterations. Here, we report the analyses of nine C. albicans genes that encode Src Homology 3-domain proteins. Phenotypic analyses included the potential of the mutants to form hyphal filaments, maintain a polarized actin cytoskeleton or the ability to generate large vacuoles in the germ cells and in subapical compartments. The C. albicans homologs of the Saccharomyces cerevisiae BBC1, BOI2, BUD14, FUS1, HSE1, PIN3, RVS167, RVS167-2 and SHO1 were all found to be nonessential. Deletion of RVS167 resulted in a strain with a decreased ability to form hyphal filaments. The number of cortical actin patches was increased in Drvs167 strains and their distribution was depolarized in both mother and daughter yeast cells and along the hyphae during filamentous growth stages. Polarization of patches could be restored upon reintroduction of the wild-type gene. Deletion of BOI2 was found to generate a defect in vacuolar fusion in hyphae. In contrast to a deletion in the Dwal1 gene, Dboi2 cells formed abundant hyphae, indicating that fragmented vacuoles do not inhibit filamentation. Placing BOI2 under control of the MAL2-promoter allowed the regulation of this phenotype depending on the growth conditions.
Introduction
Candida albicans is considered to be a normal commensal organism in the gastrointestinal tract of humans and warmblooded animals. Among nosocomial infections, urinary tract infections are most common, particularly in cases where indwelling catheters are involved (Jain et al., 2007) , other superficial mucosal infections occur on oral and vaginal tissues. Life-threatening systemic infections of inner organs may occur in severely immunocompromised patients, which makes C. albicans one of the major fungal pathogens (Eggimann et al., 2003; Gudlaugsson et al., 2003) .
Several attributes enable C. albicans to cause disease. These virulence factors include genes that participate in the processes of adhesion, colonization and penetration of host tissues, biofilm formation as well as morphological changes from yeast to hyphal growth (Sundstrom, 2002; Sudbery et al., 2004; Whiteway & Oberholzer, 2004; Kumamoto & Vinces, 2005; Schaller et al., 2005; Nobile et al., 2008) .
Recent analysis of the C. albicans WASP, WAL1, indicated that endocytosis is also required for polarized hyphal growth because wal1 mutants showed delayed endocytosis, vacuolar fragmentation and were afilamentous. However, it could not be clarified whether vacuolar fragmentation itself contributed to the filamentation defect (Walther & Wendland, 2004 ). Other C. albicans mutants with defects in vacuolar function, for example in vac1 or vps11 strains, are also crippled in their ability to form filaments (Palmer et al., 2003; Franke et al., 2006) . Characteristically, large vacuoles are found in the germ cell and in subapical parts of the hyphae, whereas hyphal tips contain endosomes and small vacuoles. This pattern of vacuolar distribution influences the branching frequency during filamentous growth (Barelle et al., 2006; Veses et al., 2009a) . Recently, ABG1 was shown to encode an essential C. albicans vacuolar protein, which is involved in branching and endocytosis (Veses et al., 2005 (Veses et al., , 2009b .
With the onset of postgenomics in C. albicans, it has become an important task to identify gene functions for the many as yet uncharacterized genes. Several methods have become available to delete both alleles of a single gene in the diploid genome of C. albicans, for example using the sitespecific FLP recombinase or the 'URA3-blaster' technique (Morschhauser et al., 1999; Enloe et al., 2000; Berman & Sudbery, 2002; Reuss et al., 2004) . PCR-based methods of gene disruption similar to those used in Saccharomyces cerevisiae were also introduced in C. albicans (Walther & Wendland, 2008) .
Src Homology 3 (SH3) domains are small peptide recognition modules (approximately 80 amino acids) that mediate protein-protein interaction and thus promote complex formation (Tong et al., 2002; Li, 2005) . There is a limited set of SH3-domain-containing genes in the C. albicans genome. Most of the genes have homologs in S. cerevisiae. The majority of these S. cerevisiae homologs are either involved in the organization of the cortical actin cytoskeleton/endocytosis (e.g. Myo3/5, Abp1) or signal transduction (e.g. Bem1, Boi1/ 2, Cdc25); a few others such as Fus1 or Pex13 are involved in mating or peroxisome biogenesis, respectively. To contribute to the functional analysis of these genes in C. albicans, we undertook a deletion approach of nine SH3-domain-encoding genes using PCR-based gene targeting technology.
Materials and methods

Strains and media
The Candida albicans strains used and generated in this study are listed in Table 1 
Transformation of C. albicans
Homozygous mutant strains were constructed starting from C. albicans strain SN148 (Noble & Johnson, 2005) . To delete both alleles of a gene, sequential transformation of SN148 and the resulting heterozygous strains was required. All the PCR products used in transformation of C. albicans were amplified from pFA vectors ( Table 2 ) using S1 and S2 primers as described (Walther & Wendland, 2008) . Primers were obtained from biomers.net GmbH (Ulm, Germany). S1 and S2 primers contain 100 nt of the target homology at their 5 0 ends. Shorter primers were used for diagnostic PCR to verify the integration of the cassettes. The primer sequences are shown in Table 3 . Transformation was carried out either by the lithium-acetate procedure or by electroporation (Kohler et al., This study
This study
This study CAP022 sho1<CdHIS1/sho1<URA3, leu2, arg4 This study Ã All CAxxxx strains are derivates of SN148. Table 3 . Primers used in this study Genes Ã Primer names and sequences
#3254: I2-CaPIN3: CTACCTATCAGCGCACCAGC CaRVS167 #3590: S1-CaRVS167: GTGATATTCGCAAGTACTTCTCCTCCAATGAGTAGCAATTT GAAATTAAAAGATTTAGGTGTTGCTTAAGAGCTACCATGTGTCAGATTGCTTGGTCGTGgaagcttcgtacgctgcaggtc CaRVS167 #3581: S2-CaRVS167: AATAAGTTATTTGAAATAAAATAAGAAACCATATAAAAGAA TAGAATACATTGGGTTACGTGGGGCTAAAATATGTATACAGAATTATAACCCAAGCTTTtctgatatcatcgatgaattcgag CaRVS167 #3558: G1-CaRVS167: CGTATTGTTTAGCCATGGTG 1997; . Incubation periods after transformation varied between 3 and 5 days to identify transformants. For each target gene, at least two independent homozygous mutants were generated from different heterozygous strains. Reconstitution of the Drvs167 strain was carried out by reintegration of the wild-type gene at the BUD3 locus. To this end, the RVS167 gene was amplified using the primers #3558: G1-CaRVS167 and #3233: G4-CaRVS167 and ligated in pDrive, generating plasmid #C486. The insert was cloned into plasmid #873, which provides the CaBUD3 homology region and the Candida maltosa LEU2 selectable marker, using BamHI and XhoI restriction sites. This generated plasmid #C504. The Drvs167 homozygous mutant strain CAP018 was transformed by #C504 linearized with SpeI, generating strain CAP194. Replacement of the BOI2 promoter with the MAL2 promoter was carried out by PCR-based gene targeting. Initially, BOI2 was disrupted using a gene-specific UAU1 cassette kindly provided by Aaron Mitchell. Transformation with the BOI2 cassette on plasmid CAGG402 required linearization of the plasmid using NotI, transformation of In long primers upper case sequences correspond to DNA sequences used as homology regions for recombination whereas lower case sequences correspond to 3 0 -terminal annealing regions for the amplification of pFA cassettes. Short primers were used for verification purposes. All sequences are written from 5 0 to 3 0 . The SH3 domains were identified using the SMART database at http:// smart.embl.de/ C. albicans with a first selection on À Arg media and restreaking of the primary transformants on À Arg and À Ura media to select for recombinants in which both alleles have been disrupted (Nobile & Mitchell, 2009 ).
Microscopy and staining procedures
Microscopic analyses were performed using an Axio-Imager microscope (Zeiss, Jena and Göttingen, Germany) with the aid of METAMORPH software tools (Molecular Devices Corp., Downington, PA) and a MicroMax1024 CCD-camera (Princeton Instruments, Trenton, NJ). Fluorescence microscopy was performed using the appropriate filter combinations for FM4-64-imaging and actin staining as described (Martin et al., 2005) . Samples were analyzed by generating either single images or stacks of 5-20 images that were processed into single plane projections using METAMORPH software.
Results and discussion
Sequence comparisons
The set of SH3-domain-containing proteins in C. albicans was identified based on homology to S. cerevisiae. Several of Table 4 . The SH3 domains were identified using the SMART tool at http://smart.embl.de/ and the alignment was generated using CLC Genomics Workbench 3.6.1. A consensus sequence and the degree of conservation are shown at the bottom of the alignment highlighting three conserved amino acid residues, W at position 45, G at position 81 and P at position 84.
Δrvs167-2 Δsho1 Fig. 2 . Characterization of growth phenotypes of the nine mutant strains. The indicated strains were grown overnight in liquid culture and then spotted on minimal medium (upper row) or on minimal medium supplemented with 10% serum (middle row) and then incubated for 3 days at 30 or 37 1C, respectively, before photography. Hyphal induction in liquid medium containing 10% serum was carried out for 3 h before microscopy. Scale bar = 10 mm. Note the short germ tube in the Drvs167 strain and the absence of a central vacuole in the Dboi2 germ cell.
these genes have been studied already including for example BEM1, MYO5 and ABP1 (Oberholzer et al., 2002; Bassilana et al., 2003; Martin et al., 2007) . Therefore, we concentrated on a set of nine genes (Table 4 ). The amino acid sequence identity between the C. albicans and the S. cerevisiae fulllength proteins varies between 20% and 62%. The SH3 domains were identified using the SMART tool at http://smart. embl.de/. In general, SH3 domains can be identified based on several highly conserved amino acid residues (Fig. 1) . The position of the SH3 domain varies in each gene: it is found at the N-terminus in Bbc1 and Boi2; in the central part of the protein in Bud14, Hse1 and Pin3; and at the C-terminus in Fus1, Rvs167, Rvs167-2 and Sho1. Because orf19.4742 was most similar to Rvs167, we renamed the corresponding uncharacterized ORF RVS167-2.
Generation of C. albicans mutant strains
PCR-based gene targeting in C. albicans has become a fast and reliable tool for the functional analysis of novel genes (Walther & Wendland, 2008) . In this functional analysis report, we have used two strategies for gene function analysis relying on different pFA vectors. Initially, we generated two heterozygous and subsequently two homozygous mutant strains thereof using the C. albicans URA3 and the Candida dubliniensis HIS1 marker genes. Secondly, to verify mutant phenotypes, we used promoter shutdown or reintegration experiments. For BOI2, we also used a single transformation protocol based on the UAU1 cassette.
Analysis of the growth morphology of mutant strains
The set of homozygous mutant strains -as well as their heterozygous predecessors (not shown) -was initially characterized to reveal any potential defects under standard growth conditions. Growth of the null mutants on CSM minimal medium showed no strong defects during the yeast growth phase. Inducing yeast cells to form hyphae either on solid media or in liquid culture was performed using serum as an inducing agent (Fig. 2) . All strains showed the ability to form germ tubes and colonies had wrinkled appearances in their centers, suggesting that single mutations in these genes did not abolish filamentation in C. albicans. Two mutant strains, Drvs167 and Dboi2, showed observable phenotypes that were studied in more detail. The Drvs167 strain showed a strong delay in germ tube formation evident by much shorter germ tubes compared Comparison of germ tube formation between wild type and Drvs167. Both strains were grown overnight in YPD, diluted in fresh YPD that contained 10% serum, followed by an incubation at 37 1C. Samples were taken at the indicated time points and used for microscopy.
with the wild type. This was monitored in a time series of hyphal induction (Fig. 3) . During a 3-h time course, wildtype cells developed very long germ tubes, whereas the Drvs167 mutant germ cells had not formed filaments or only very short germ tubes. The actin cytoskeleton plays a major role in polarized growth. Therefore, we analyzed the distribution of the actin cytoskeleton during different growth stages in the Drvs167 strain and compared it with the wild type (Fig. 4) . In SC5314 cells, actin patches cluster in the bud and the cortical actin cytoskeleton is highly polarized to the hyphal tip during filamentous growth stages. In Drvs167 cells, actin patches are apparently randomly localized to both mother and daughter cells. In Drvs167 filaments, actin patches are more abundant and their distribution is rather even both in apical and in subapical compartments. This increase in actin patch formation and nonpolarized distribution can be restored upon reintegration of the wild-type RVS167 gene (Fig. 4) . The second observation was with regard to the Dboi2 deletion strain. Initially, we had constructed a strain with a disrupted Dboi2 based on use of the UAU1 cassette (Enloe et al., 2000) . This strain showed a lack of a large vacuole in the germ cell after induction of hyphal morphogenesis. The UAU1 insertion was determined to be in the central part of the gene downstream of the SH3 domain, but within the Pleckstrin homology-domain-encoding region. Using a PCR-based gene targeting approach, we generated complete ORF deletion strains of BOI2, which were phenotypically identical to the UAU1 strain. Analysis of the distribution of vacuoles in wild type and Dboi2 cells was performed by fluorescence microscopy using the vacuolar dye FM4-64 (Fig. 5) . During yeast growth, vacuolar morphology was similar to that observed in the wild type. A central large vacuole was visible after 1 h of incubation, with the dye indicating uptake and delivery of the dye to the vacuolar compartment. Staining of germlings revealed fragmented vacuoles both in the UAU1 strain of Dboi2 and in the complete ORF deletion strain. To demonstrate that this phenotype was specific for the Dboi2 deletion, we generated a MAL2-promoter-controlled BOI2 strain. With this strain, fragmented vacuoles could only be observed under conditions that turned off the expression of BOI2 (Fig. 5) . In S. cerevisiae, there are two BOI genes. Deletion of BOI1 and BOI2 results in morphogenesis defects (Bender et al., 1996) . Deletion of the sole BOI1 gene in Ashbya gossypii results in temperature-sensitive growth and depolarized growth at the hyphal tip (Knechtle et al., 2006) . Defects in vacuolar fusion, however, have not been reported so far.
Conclusion
In this study, we have generated C. albicans mutant strains for nine genes using PCR-based methodologies and a UAU1 cassette. We focused on genes that encode SH3-domaincontaining genes because their S. cerevisiae homologs were shown to be involved in signal transduction or actin cytoskeleton organization. Initial characterization of the genes indicated that all except two mutants showed no discernible phenotype, suggesting some plasticity in the complexes the corresponding proteins are involved. FUS1 as a probable ortholog of S. cerevisiae Fus1p, which is a membrane protein required for mating, may actually be important for cell fusion during mating, which we did not analyze. The Drvs167 mutant strain showed the increased presence of cortical actin patches during yeast and filamentous growth stages. This may implicate Rvs167p in regulating the distribution of cortical actin patches in C. albicans. In S. cerevisiae, it was shown that Rvs167p colocalizes with actin patches and may be important for the correct distribution of the cortical actin complex (Balguerie et al., 1999) . The S. cerevisiae Drvs167 strain was isolated as being reduced in viability upon starvation. During the preparation of this manuscript, another study on the C. albicans Rvs167 and Rvs161 was published that indicated that Drvs167 cells show some sensitivity to H 2 O 2 and cell wall-disturbing agents such as calcofluor and Congo red (Douglas et al., 2009) . Our results on Drvs167 focus on the altered abundance and distribution of the cortical actin patches that were not reported previously. With the ability to switch between different growth forms, C. albicans may be an ideal model to study the role of Rvs167 in actin cytoskeleton organization during highly polarized hyphal growth in more detail.
Deletion of BOI2 in C. albicans resulted in a defect of vacuolar fusion, leading to fragmented vacuoles. This phenotype is somewhat similar to that observed in Dwal1 cells (Walther & Wendland, 2004 ). Yet, Dboi2 cells are able to form true hyphae, indicating that fragmented vacuoles are not sufficient to abolish filamentation in C. albicans. Therefore, defects in filamentation of the Dwal1 strain should be separable from the vacuolar fragmentation defect. To this end, we are currently performing functional analyses of the C. albicans Wal1 domains.
Because of the diploidy of C. albicans, gene function analyses still require much more effort to produce the correct deletion strains. Using PCR-based gene targeting methods, larger scale approaches can also be undertaken in C. albicans (Noble & Johnson, 2005) . A complementary approach may be the overexpression of genes or domains. However, use of TEF-promoter-controlled expression of core SH3 domains of the genes described in this study did not result in any obvious phenotypes. Our study of nine C. albicans genes thus adds to the repository of functional analysis information for this human fungal pathogen.
